Background: The purpose of this work was to determine whether myoendothelial junctions were present in human brains. 
M
yoendothelial junctions are points of contact between vascular smooth muscle cells and endothelial cells. They have been found in aorta and carotid arteries and in arterioles of kidney, lung, and heart in humans, mice, cats, and rabbits. 1 " 5 To our knowledge, myoendothelial junctions have been reported in the cerebral vasculature only once, by Dahl, who described them in subhuman primates in 1973. 6 Rosenblum and coworkers noted but did not report myoendothelial junctions in pial arterioles of mice during electron microscopy studies performed for other purposes. 7 This laboratory also reported a role for endothelial cells in the propagation of vasomotor responses 7 and considered the possibility that myoendothelial junctions provide an anatomic basis for interaction between endothelial cells and vascular smooth muscle cells leading to propagated responses. These observations led to the present search for myoendothelial junctions in the human cerebral vascular bed where, to the best of our knowledge, myoendothelial junctions have not yet been described.
Materials and Methods
We removed brains from five autopsied adult patients at times varying from 3 to 12 hours after death. The patients, three females and two males, were 36-82 years of age. Samples of cortical tissue with adherent surface vessels were removed from each arterial territory in both hemispheres. The tissues were fixed by immersion in 2% paraldehyde and 2.5% glutaraldehyde for 4-6 hours and washed in Millonig's buffer. They were then immersed in 1% osmium tetroxide for 5-10 minutes and again washed in Millonig's buffer. This brief osmication was performed to enhance the visualization of the surface and penetrating vessels, particularly those of small caliber. The arachnoid was peeled off the cortex. Perforating and surface arterioles of various diameters were sampled. To better visualize the ultrastructural detail of membranes and junctions, en block staining was used on some specimens as follows. Vessels were placed for 1 hour in 1% OsO 4 buffered with 0.1 M sodium phosphate buffer at pH 7.2. Next they were washed in 0.05 M sodium hydrogen maleate buffer (pH 5.2), transferred to 0.05% uranyl acetate in 0.05 M sodium-hydrogen maleate buffer (pH 6), and rinsed in cold sodium-hydrogen maleate buffer. They were then dehydrated, embedded in plastic, and prepared for light and electron microscopy. A total of 144 segments were embedded, 95% of them longitudinally. Thin sections of these specimens were cut parallel to the long axis of the vessel. The remaining 5% of the specimens were embedded transversely and sectioned at right angles to the long axis of the vessel. All sections were picked up on membrane-coated slotted grids. In 99% of the cases, two levels were sampled per vessel to maximize the chance of finding the junctions. In the rare remaining instances, a third or fourth level was sampled. A goniometer stage was used frequently to better delineate the details of the contact between muscle and endothelial cells.
We measured the internal diameter of each vessel with an ocular micrometer in a light microscope. Vessels were classified into four major groups according to their diameter ( Table 1 ). The length of each longitudinally sectioned vessel that we examined was determined by electron microscopy. For specimens that were transversely embedded, we measured the circumference and counted it as a length. All junctions were counted, photographed, and classified as noted in "Results."
Results Three types of myoendothelial junctions were noted in cerebral arterioles. These are illustrated in Figure 1 , which adapts the nomenclature in the literature concerning extracerebral vessels. the cell processes that contribute to the junctions. Type I myoendothelial junctions are characterized by the downward protrusion of the endothelial cell to contact the muscle cell. Type II myoendothelial junctions are characterized by upward extension of the muscle cell to contact the endothelium. For type III myoendothelial junctions, the myoendothelial contact is shown in the middle of the elastica. This figure provides an oversimplified picture of the junctions. In fact, as the arterioles decrease in diameter, the elastic tissue becomes progressively reduced until the subendotheHal layer consists primarily or only of the fused basal lamina of the adjacent endothelial and muscle cells. In these cases, the myoendothelial junctions bridge subendothelial connective tissue that may have little or no elastica. They are still identified as arterioles because of the presence of smooth muscle and their precapillary location. 8 A representative example of each type of myoendothelial junction is shown in the electron photomicrographs (Figures 2A-C) .
Close appositions between endothelial cells and smooth muscle cells were considered junctions. The widest gap still counted as a junction was 16.3 nm. In a single instance (Figure 3) , the junctional membranes were opposed in a manner suggestive of a pentalaminar structure. However, a definite occluding zone was not identified.
The myoendothelial junctions were variable in contour and demonstrated straight, curved, or invaginated profiles. Some muscle cells formed junctions with two endothelial cells (Figure 4) . Conversely, one endothelial cell sometimes made junctions with two smooth muscle cells. Occasionally, a tongue of smooth muscle cell stretched beneath an overlying endothelial cell and made multiple contacts with the endothelial cell. We occasionally noted a smooth muscle cell forming a myoendothelial junction and also making a junction with another smooth muscle cell ( Figure 2B) .
The results of our quantitative study are summarized in Table 1 . We began by dividing the arterioles into four groups according to their internal diameter. Our preliminary observations showed myoendothelial junctions in all sizes of vessel. The most frequent type of junction was type II. However, all types of junctions were seen in all sizes of vessels, and sample size was too small for definitive statements about the frequency of different types of junction. We added all three types together to determine whether there was a relationship between the density of myoendothelial junctions and vessel diameter, focusing our attention particularly on the largest (>220 fim) and smallest (<60 /xm) vessels. The density of myoendothelial junctions was 1.62 per mm in arterioles with diameters <60 /xm and 0.31 per mm in those with diameters >220 fim. The smallest vessel examined was 24 /j.m i.d. The largest number of junctions seen at a single level was five, in a segment 1,300 /xm long from an arteriole 54 /xm in diameter. Occasionally, two or three junctions were seen at a single level in arterioles <60 fim in diameter.
Discussion
The present study describes the presence of myoendothelial junctions within arterioles of the human brain. In addition, this is the first attempt to determine the number of myoendothelial junctions in any vascular bed 4 and to relate the frequency of the myoendothelial junctions to the size of the vessels. Because of the short length of many junctions, the actual frequency may have been underestimated through failure of a junction to appear in a thin section. 4 No attempt was made to serially section junctions and measure their length. Nor do we know their shape or shapes, hence we can make no calculation of their area. Nevertheless, this initial attempt to obtain quantitative data provided one striking finding: the myoendothelial junctions were five times more frequent in arterioles <60 fim than in those >220 fim. Of course, there are pitfalls in measuring the internal diameters of the vessels. Shrinkage during fixation can reduce the vessel diameter by 20%. Moreover, if the vessel is not measured in a section through its widest diameter, the actual diameter will be underestimated. Nevertheless, by concentrating on vessels as disparate in diameter as <60 fim and >200 /xm, we can be certain of our conclusion that myoendothelial junctions were far more frequent in the smaller vessels. No significant difference in distribution of junctions was noted between right and left hemispheres or between the anterior, middle, and posterior cerebral circulation, so vessels lumped from all the sampled areas were considered together. Furthermore, when vessels of comparable size were compared, there was no disparity in the density of myoendothelial junctions between surface arterioles and penetrating arterioles.
The recent literature has referred to myoendothelial junctions as gap junctions. they appear to consist of apposed membranes separated by a space on the order of <20 nm. However, we observed one junction (Figure 3 ) in which the unit membranes of the endothelial cell and muscle cell were so closely opposed as to suggest formation of a pentalaminar structure. We could not be certain that these membranes actually formed an occluding zone 12 and, therefore, cannot defintely identify this junction as a pentalaminar, or "tight," junction. We did not attempt to examine serial sections in an effort to definitely establish or eliminate the possibility that this myoendothelial junction was a tight junction.
The finding of myoendothelial junctions in vessels in human brain may have physiological implications. Some workers who described myoendothelial junctions in the microcirculation suggested that they transmitted, to the smooth muscle, messages originally brought to the endothelium by blood-borne humoral agents.
1 Recent in vitro studies using tracer dyes and electrophysiological techniques have demonstrated that in extracerebral vessels, these junctions are gap junctions that are functionally involved in the myogenic response of the vascular smooth muscle cells. These studies led to the hypothesis that endothelium and smooth muscle cells may act as a coupled system that allows smooth muscle responses to signals that have originated in the endothelium and been transferred through the junctions. However, the cerebral vessels have not yet been investigated with respect to establishing either the presence of true gap junctions at myoendothelial junctions or the function of the myoendothelial junctions.
An in vivo study of pial circulation in mouse brains suggests that endothelium plays a key role in the propagation of contractile responses. 7 The finding of myoendothelial junctions in both pial and parenchymal arterioles and small arteries provides an anatomic basis for cross-talk between endothelium and smooth muscle cells that may be necessary for the propagated constrictions observed in the experimental study. If myoendothelial junctions are essential for propagated responses, their presence in man provides an anatomic basis for such responses in humans. Propagation would extend the volume of brain affected by vasospasm initiated at a focus of subarachnoid hemorrhage.
